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Introduction
Despite the progress of medicine and therapeutic strategies, ischemic cardiovascular disease, which is associated with progressive heart failure, arrhythmias and sudden death, remains the most life-threatening health problem worldwide [1, 2] . The potential severity to patients emphasizes the importance of novel and effective therapeutic strategies for ischemia cardiomyopathy.
Currently, cell-based therapies are a promising strategy for heart diseases; evidence from both animal studies and clinical investigations have demonstrated that mesenchymal stem cells (MSCs) can ameliorate heart injuries during ischemia cardiomyopathy [3] [4] [5] . However, in many experiments the transplanted cells showed poor viability and increased apoptosis due to the lack of blood and oxygen to the infarcted myocardium [6, 7] . Therefore, this study aimed to enhance the survival of MSCs in ischemia and hypoxia environment.
Trimetazidine (TMZ), a well-established anti-ischemic drug, has been used successfully for the treatment of ischemic cardiomyopathy [8] . Recent findings have implicated that it can enhance the survival of stem cells under various conditions, such as reducing the H 2 O 2 -induced injury of endothelial progenitor cells [9] and the hypoxia-induced apoptosis of bone marrow MSCs [10] . However, as stem cells used in these studies were mainly animalderived, little information is available on whether TMZ protects human MSCs from apoptosis induced by hypoxia and serum deprivation (H/SD). Human umbilical cord MSCs (UC-MSCs) offers several advantages over other MSCs: they are easy to expand, non-invasive, can be produced in large quantities, and have a lower frequency of viral contamination, which are an alternative source of MSCs for regenerative therapies [11, 12] . To address this issue, we focused on UC-MSCs. In the present study, we postulated that TMZ would protect UC-MSCs against apoptosis under H/SD conditions.
Materials and Methods

MSCs isolation and culture
Protocols for obtaining human umbilical cords were approved by the Fuxing Hospital, Capital Medical University; the current study complies with the Helsinki Declaration. Isolation of human UC-MSCs was performed as described [11] . Cells were cultured in Dulbecco's modified Eagle's medium/F12 (DMEM/F12, Hyclone) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin. The media was first replaced after a 5 days incubation to promote tissue adherence. Thereafter, the media were replaced every 2-3 days until putative MSC colonies were visible under a microscope. The MSC colonies were expanded and passaged 3 times being used in the experiment.
Identification of MSCs
MSCs were characterized by cell morphology, surface antigens and differentiation, the minimum criteria defining MSCs [13] . The cells were trypsinized and incubated with fluorochrome-conjugated antibody for 10 minutes in the dark at 4 o C; CD34-FITC, CD44-PE, CD45-PercP and CD105-APC (Miltenyi Biotec, Germany) expression was identified using flow cytometry. Human MSC osteogenesis and adipogenesis medium (Cyagen, China) were used for differentiation assays. After 2-3 weeks, osteogenic differentiation was evaluated via Alizarin Red S staining and adipogenic potential was assessed via Oil Red O staining.
Induction of hypoxia and drug application TMZ was purchased from sigma, dissolved in DMEM/F12 medium (serum-free) and diluted to a final concentration of 10µM. The optimal dose of TMZ was determined using a preliminary dose study [14] . For the TMZ protection experiments, MSCs were washed twice with phosphate-buffered saline (PBS), and then pretreated with (A) DMEM/F12+10%FBS, (B) DMEM/F12, (C) DMEM/F12+TMZ(10µM) or (D) DMEM/ F12+TMZ+Akt inhibitor LY294002 (25µM).
It is well known from the literature that hypoxia is protective for stem cells. In previous studies, the hypoxia was not a completely anaerobic state but rather had low oxygen levels (such as 1%, 2%), and the Cellular Physiology and Biochemistry hypoxia conditions were generated using a hypoxia incubation box, such as a BioSpherix (Redfield, NY) growth chamber. However, in the present experiment, we used oxygen chelation methods, the cells in the B, C and D group were put in a sealed, hypoxic GENbox jar fitted with a catalyst (Bio-Me´rieux) to scavenge free oxygen, which resulted in continuously decreasing oxygen levels until anoxia. The oxygen tension in the medium was measured using an anaerobic indicator. Group A was in normal environment as a control.
Morphological profiles of H/SD induced MSCs
Morphological profiles were assessed via staining with the chromatin dye Hoechst 33342 (Beyotime, China). The cells were incubated in the H/SD environment for 12h, washed twice with PBS, fixed with 4% paraformaldehyde for 10 min, and washed with PBS again. The cells were then incubated with the Hoechst 33342 fluorochrome (5mg/L) for 30 min at room temperature (protected from light) and rewashed with PBS twice. Observations were immediately conducted under a fluorescent microscope (Leica, Germany), and the cells were characterized by morphological alteration such as condensed nuclei and cell shrinkage.
Measurement of cellular proliferation
MSCs were seeded in a 96-well plate (3000 cells/well) and cultured for 12 hours to allow attachment. Then cells were treated with different intervention in H/SD environment, after 12h of cultivation, the proliferation rates were measured via MTT. Briefly, 20ul of MTT solution (5 mg/ml) was added into each well for 4h at 37 o C in dark. The supernatant was then discarded; 150µl of dimethyl sulfoxide was added to each well and mixed well. The optical density (OD) value per well was measured using an enzyme-labeling instrument at 490nm.
Apoptosis analysis
Apoptotic cell death was measured via flow cytometry using FITC-conjugated Annexin V/PI assay. Briefly, the cells were harvested using 0.25% trypsinization and washed twice with PBS. Then, 10
6 MSCs were resuspended in 300μl of binding buffer and incubated with 5μl of FITC-conjugated Annexin V and 5µl of PI for 10 min at room temperature in the dark. Finally, flow cytometry analyses of 10,000 cells were performed to measure apoptosis.
Cell survival assessment
After exposure to hypoxia for 12 h, the MSCs in the different groups were harvested by trypsinization and resuspended in 50µl PBS per 5*10 5 cells. Then, 450µl Muse Count and Viability reagent was added (Millipore, Darmstadt, Germany), and the cells were incubated for 5 min at room temperature in the dark. Finally, the cell suspensions were analyzed using the Muse Cell Analyzer.
Protein chip assay
In this study, we used the Biotin label-based Human Antibody Array I (RayBio) to compare the differences in the protein expression levels between the H/SD group and the H/SD+TMZ group. This antibody array membrane is marked with 507 specific antibodies toward cytokines, chemokines, growth factors, angiogenic factors and other proteins, allowing it to comprehensively analyze differences in protein expression. Cultured MSCs were exposed to H/SD with or without TMZ, and after 12 h, the culture medium was harvested and centrifuged for the protein chip assay; the assay was performed according to the manufacturer's instructions.
Western blot analysis
Western blot analyses for Bcl-2, caspase-3 and phosphorylate Akt (p-Akt) were performed for each group. Proteins were separated by 12% SDS-PAGE and transferred onto a polyvinyli-dene difluoride membrane. After blocking with 0.1% Tween in Tris-buffered saline containing 5% skim milk at room temperature for 2 hours, the membranes were incubated with primary antibodies against p-Akt, Bcl-2 and caspase-3 (1:1000, CST) overnight at 4°C. The next day, after washing, the membranes were incubated for 2 hours at room temperature with peroxidase-conjugated secondary antibodies. Finally, the protein bands were detected using a chemiluminescence detection system (FluorChem M, USA); β-actin was used as a standard reference.
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Statistical analysis
Statistical analysis was performed with the SPSS 20.0 software (SPSS Inc., USA). Data were expressed as the mean ± standard deviation (SD) from at least 3 independent experiments. Univariate comparisons of the means were evaluated using Student's t-test, and multiple comparisons were evaluated using one-way analysis of variance with Tukey's post hoc adjustment when appropriate. Statistical significance was defined as P<0.05.
Results
The characteristics of UC-MSCs
The number of adherent cells from tissue fragments increased with time, and the cells became spindle shaped within 7 days. After 10-15 days, a number of classical MSC colonies appeared that were similar to the MSCs isolated from bone marrow (Fig. 1A, 1B) . Cells with fat drops can uptake the Oil Red O after adipocyte differentiation (Fig. 1D) , moreover, after explore with an osteogenic medium, cells with an osteoblast-like phenotype were stained with alizarin red (Fig. 1C) . Flow cytometry showed that UC-MSCs were positive for CD44 and CD105, but not for CD34 or CD45, further confirming the MSC characteristic of cells isolated from the UC (Fig. 1E, 1F) .
TMZ prevents H/SD-induced apoptosis of MSCs
To measure the anti-apoptotic effects of TMZ on MSCs under H/SD conditions, cells that were treated with or without TMZ were analyzed using morphology and flow cytometry. As shown in Figure 2 A, MSCs exposed to H/SD showed increased chromatin condensation compared to the control group by staining with Hoechst 33342. However, cells treated with 10µM TMZ displayed little condensed chromatin. 
Quantitative analysis using Annexin V/PI staining and flow cytometry revealed that some MSCs were apoptotic and necrotic under the H/SD environment. After exposure to hypoxia for 12 h, the proportion of early stage apoptotic cells decreased significantly from 30.5% to 23.7%, and the late stage apoptotic cells decreased from 25.1% to 16.9% in the H/ SD+TMZ group compared to the H/SD group (Fig. 2B, 2C) .
TMZ increased MSC viability and proliferation capacity
As shown in Figure 3 , H/SD treatment impaired the viability and proliferation of MSCs; these H/SD-induced impairments were markedly attenuated in the MSC+TMZ group, but LY294002 inhibited this effect. These results suggested that TMZ protected MSCs against injury induced by H/SD.
TMZ decreases caspase-3 activation
Our results also illustrate the influence of TMZ on H/SD induced caspase-3 activation. Almost no cleaved caspase-3 was detected in the control group, but after H/SD treatment, the expression of cleaved caspases-3 markedly increased. Moreover, this effect was attenuated by the H/SD+TMZ group. However, LY24002, a specific Akt inhibitor, reversed the inhibitory effect of TMZ (Fig. 4) .
TMZ exerts protective effects on the apoptosis of MSCs via the Akt pathways
We next examined the role of the Akt pathway in the TMZ-mediated anti-apoptotic effects. In an H/SD environment, the expression of p-Akt decreased obviously, however,
Fig. 2. TMZ protects MSCs against H/SD-induced apoptosis. (A) Nuclear morphology was determined using Hoechst 33342 staining (100X). (B) Apoptosis was quantified by FACS analysis after staining with Annexin V and propidine iodine (PI)
. TMZ reduced the level of MSC apoptosis induced by H/SD; however, the antiapoptotic effects of TMZ were significantly abrogated by LY294002, a special Akt inhibitor. (C) Percentage of apoptotic cells in the different groups. The Annexin V + /PI -cells was early apoptosis, whereas the Annexin V + /PI + cells indicated late apoptosis. Each data point represents mean ±SD of three independent experiments. *P<0.001 vs Control, **P<0.05 vs H/SD, #P<0.05 vs H/SD+TMZ.
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adding TMZ to the culture medium effectively blocked the downregulation of p-Akt at the protein level. In addition, the expression of Bcl-2, an important anti-apoptosis protein, increased upon TMZ administration (Fig. 5) .
LY294002 blocked the protective effect of TMZ to H/SD induced apoptosis
To understand whether the beneficial effect of TMZ on MSCs is Akt dependent, MSCs were pretreated with an Akt inhibitor, LY294002 (25µM). Consistent with our initial studies, 12 hours of hypoxia exposure significantly decreased Akt phosphorylation in MSCs; this decrease in Akt phosphorylation was prevented by TMZ treatment. In contrast, incubation of MSCs with both TMZ and LY294002 prevented the phosphorylation of Akt (p<0.01), as shown in Figure 5 .
Meantime, treatment with LY294002 markedly increased the apoptosis of MSCs under H/SD, as determined by increased chromatin condensation and early stage apoptotic cell Cellular Physiology and Biochemistry (Fig. 2) . The expression levels of apoptosis proteins also changed: p-Akt and Bcl-2 ( Fig. 5 ) decreased, and casepase-3 increased (Fig. 3) .
TMZ promoted the paracrine functions of UC-MSCs
We further studied whether TMZ improved the paracrine functions of H/SD induced MSCs. Various cell cytokines, chemokines, growth, inflammation, apoptosis factor and receptors were detected in cultures from H/SD and H/SD+TMZ groups. Thirteen molecules were detected at higher levels in the TMZ group than in the H/SD group: LIF, TGF-beta RIIb, VEGF, IGF-1, Angiogenin, Fractalkine, OSM, CCR7, CCR8, LFA-1 alpha, MIF, MIP-1a and FGF- 6 . TMZ treatment promoted the paracrine functions of UC-MSCs. Protein chip assay showed that 20 molecules were differentially expressed between the TMZ group and H/SD group. These values are expressed on a log scale. In TMZ group, MSCs secrete more anti-inflammatory cytokine, regeneration and chemotactic factors. Gong 
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. Seven molecules were detected at higher densities in the H/SD group than in the TMZ group: TRAIL, TLR4, MICA, RANTES, IL-23, Lipocalin-2 and IL-27 (Fig. 6) .
Discussion
In the present study, our results demonstrate that TMZ improves the viability and attenuates the apoptosis of MSCs subjected to 12 hours of H/SD conditions. The effect was mediated through the activation of the Akt pathway, revealing the Akt pathway as a potential target to improve MSC survival in cell transplantation therapy.
Numerous studies have demonstrated that MSC therapy has great promise for regenerating damaged myocardium [15, 16] . However, the efficacy of the therapy is limited by the poor viability of MSCs transplanted into the infracted heart [17, 18] . For example, Mazo et al. could not detect any injected adipose derived MSCs in hearts 30 days after transplantation [19] ; and Tang et al. showed the survival of engrafted MSC in ischemic myocardium was significantly lower on 24 hours (7.6 ± 1.3%) and 7 days (3.6 ± 1.9%) after transplantation [20] , These studies imply that the ischemic microenvironment is not suitable for MSC survival. Hence, improving the survival of transplanted MSCs in the harmful myocardial environment is necessary. Many drugs that exert protective effects against H/ SD induced apoptosis in MSCs have been well documented, including Atorvastatin [21] , Lovastatin [22] and Tongxinluo [23] .
TMZ, an antianginal drug, protects ischemic cardiomyocytes by restoring their ability to produce energy, and has been widely used to treat various cardiovascular diseases such as coronary heart disease and heart failure [24, 25] . In basic medical science, TMZ has been demonstrated to have pleiotropic effects. For example, it inhibits cardiomyocyte apoptosis [26] , protects endothelial progenitor cells against H 2 O 2 -induced injury [9] , reduces mitochondria-dependent oxidative stress and increases mitochondrial generation of NO [27] . However, it is not known whether TMZ can inhibit the H/SD induced apoptosis of MSCs, particularly MSCs of human origin.
Moreover, Many studies have confirmed that hypoxia is protective for stem cells, and can promote proliferation [28] , differentiation [29] , paracrine activity [30] , recruitment and homing [31] . However, the protective effects depend on the oxygen tension, time in culture, serum deprivation conditions, the source of the MSCs, and other culture conditions, especially the serum deprivation, Zhu et al [32] . and Potier et al [33] . showed that rat MSCs were able . to withstand hypoxia only when they were not also deprived of serum, but the underlying protective mechanisms are complicated [34] . We believe that a standardized protocol for hypoxic culture could lead to a better consensuses of the effects of hypoxia on MSCs.
In the present study, we focused on the favorable effects of TMZ on human umbilical cord MSCs in an H/SD environment and demonstrate the important role of the Akt pathway in the protective effects. As is known to all, the Akt pathway participates in a variety of cell biological functions, including apoptosis, proliferation and survival [35, 36] . Moreover, Mangi et al. reported that MSCs that were genetically enhanced with Akt can repair infarcted myocardium, prevent remodeling and nearly normalize cardiac performance [37] . Therefore, we investigated the role of Akt pathway in the TMZ-mediated anti-apoptotic effects on MSCs.
In our study, H/SD decreased the expression of p-Akt, implying that many favorable physiological activities mediated by the Akt pathway are impaired by H/SD. However, TMZ treatment reversed the suppression of p-Akt caused by H/SD. To further investigate this hypothesis, we pretreated MSCs with the specific Akt inhibitor LY294002 and found that the expression of p-Akt decreased and TMZ-mediated anti-apoptotic effects were significantly attenuated, further supporting the importance of the Akt pathway in protecting MSCs. These results were consistent with many earlier studies that showed that the expression of Akt helps to prevent apoptosis in different settings. For example, Zhang et al. suggested that the activation of the Akt pathway limits JNK-mediated apoptosis during EV71 infection [38] , Fujio et al. found that Akt promotes the survival of cardiomyocytes in vitro and protects against ischemia-reperfusion injury in mouse heart [39] . 
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In addition, a previous study performed in rats with a myocardial infarction revealed that pharmacologically preconditioning MSCs with TMZ protects hypoxic cells against oxidative stress and enhances the recovery of myocardial function via Bcl-2 expression [14] . Our results also showed a marked increase in the expression of Bcl-2 in the MSC+TMZ group. Moreover, the increased expression of Bcl-2 was inhibited by LY294002, similar to the expression of p-Akt.
We further examined the regulatory effects of H/SD on the activation of the caspase-3 protein, which is a key mediator of apoptosis induced by the mitochondrial pathway. Zhu et al. suggested that MSCs undergo caspase-dependent apoptosis in response to H/SD [32] . Consistent with this report, we also found that the level of caspase-3 increased in the cells treated with H/SD compared to the control cells. However, this caspase-3 activation increase was prevented by TMZ administration. Finally, the reduction of MSC apoptosis by TMZ treatment correlated with an increase in Bcl-2 and a decrease in caspase-3 activation in this study.
Finally, we employed a protein chip assay to detect the effects of TMZ on the paracrine functions of MSCs, and found that TMZ promoted the paracrine functions of MSCs, which secreted more anti-inflammatory cytokine; and regeneration and chemotactic factors into the media, including LIF, VEGF, IGF-1 and Angiogenin. Moreover, more apoptosis and inflammatory factors were found in the H/SD group, including IL-23, IL-7 and TLR4. These findings are consistent with those of Liu and Hwang, who reported that cord blood MSCs secreted chemokines, growth factors, angiogenic factors and cytokines into supernatant [40] . Importantly, paracrine factors in conditioned media are responsible for the pro-survival response and exert anti-apoptotic and anti-inflammatory effects [41] . Many studies have confirmed that hypoxia increases the secretion of biological factors in MSCs [42, 43] . In the present study; we found that TMZ also had this effect, suggesting that TMZ could potentially be used as a new pretreatment method to promote the paracrine functions of stem cells in transplantation.
There are some limitations to our study. First, only one concentration of TMZ was studied, and so it is unknown whether the protective effects of TMZ are dose-dependent, and further studies are needed. Second, the mitogen-activated protein kinase/extracellular signal regulated kinase (MEK/ERK) pathway is also important in mediating cell survival [44] , but we did not examine its role in MSC apoptosis. More importantly, it is necessary to use an animal model of myocardial infarction to assess the efficacy of cell therapy using TMZmanipulated MSCs.
In conclusion, the present study demonstrates that TMZ ameliorated H/SD-induced apoptosis in MSCs via the Akt signaling pathway. Thus, administering TMZ along with MSCs transplantation may be a novel strategy to improve MSC survival in infarcted myocardium.
